Abstract. As small animal optical imaging and tomography are gaining popularity for interrogating functional and molecular events in vivo, it becomes increasingly necessary to gain knowledge of the optical properties of the species investigated to better understand and describe photon propagation through their tissues. To achieve characterization of the spatial variation of average optical properties through murine chest cavities, time-and spatially resolved measurements of femto-second laser pulse transmission are performed through mice using a high-speed gated image intensifier. Application of timeresolved diffusion theory for finite slab geometry is first confirmed on phantoms and then applied to in vivo measurements for spatially resolving and quantifying mouse optical properties. Photon transmission images through mouse chest cavities are further obtained at different time gates to visualize the spatial variation observed and confirm the optical coefficient patterns calculated. © 2006 Society of Photo-Optical Instrumentation Engineers.
Introduction
The increasing use of animals in basic research and drug discovery has driven the need for improved imaging systems. 1 In vivo fluorescence optical imaging opens the possibility of interrogating cellular and subcellular bulk events through entire animals and has the advantage of utilizing nonionizing radiation and stable fluorochromes that can impart significant molecular specificity. 2 Quantification of absolute optical properties in intact mice is important for understanding mouse optical heterogeneity as is necessary for better describing photon propagation in tissue and improving inversion schemes in tomographic reconstructions. 3 Study of the spatially and temporally resolved ͑or frequency domain͒ transmission of photons propagating through animals can enable quantification of optical properties, i.e., the absorption and reduced scattering coefficients. [4] [5] [6] [7] [8] [9] [10] The use of time-resolved diffusion theory in modeling photon propagation to yield optical properties in homogeneous turbid media has been described in the literature in both diffuse reflectance ͑semi-infinite media͒ and transmission ͑finite slab͒ geometries. This has also allowed quantification of the average optical properties of generally heterogeneous tissues both ex vivo and in vivo by using the simplifying assumption that tissues are homogeneous for the volume probed by the optical measurement. Torricelli et al. 9 ,10 characterized the near-infrared optical properties of several human tissues including the breast ͑ s Јϳ5 to 15 cm −1 ͒ and abdomen ͑ a ϳ 0.15 to 0.35 cm −1 ͒ using timeresolved measurements and the best fit to an analytical solution of a random walk model through a homogeneous slab. Other authors have reported similar values at near-infrared wavelengths.
11-13
While the optical coefficients of human tissues in vivo are now well studied, there is very little corresponding characterization of optical properties in small animals. The mouse torso in particular presents an optically complex model, because multiple organs with significantly different anatomy and function ͑e.g., the lung, heart, kidneys, and liver͒ are in close proximity to each other. In this work, we utilize a high-speed gated imaging system and femto-second laser source, combined with time-resolved diffusion theory in transmission mode to quantify spatially varying bulk optical properties. We first validate the approach with optical phantoms and then apply it to the study of mice in vivo. The theory employed is defined for homogeneous slabs of finite thickness; therefore, its application herein obtains average optical properties sampled along preferential photon paths through phantoms and animals. Using this approach, we further generate composite images of photon propagation through animals at dif-ferent time gates to enable visualization of the optical variation.
Materials and Methods

Theory
Time-resolved diffusion theory through a homogeneous, turbid, finite-slab geometry has been described in detail in the literature. 4, 14 where c is the speed of light in tissue, D is the diffusion coefficient:
a is the absorption coefficient, s is the scattering coefficient, g is the mean cosine of the scattering angle, and S͑r , t͒ is the photon source. For the present work, the photon source is a femtosecond laser producing a very short ͑ϳ100 fs͒ laser pulse collimated in a narrow ͑Ͻ1 mm diam͒ pencil beam. In this case, a common approach to account for the influence of boundaries is to set the diffuse fluence to zero at an extrapolated boundary some distance z b from the physical boundary of the slab. In this work, we have made the simplifying assumption that z b =0, i.e., the zero boundary condition ͑ZBC͒. Using this assumption, Patterson, Chance, and Wilson showed that the time-resolved transmission through a finite, homogeneous slab of turbid media can be analytically calculated when assuming an isotropic source as:
where t is the time elapsed from the laser pulse launch in the medium and is the radial distance from the point of entry of the laser in the medium. Previous studies have suggested that use of the mathematically more complex extrapolated boundary condition ͑EBC͒ would yield similar optical parameters for the experimental conditions used in this study. 15, 16 Furthermore, we have found that including both time and spatial profiles in our fitting algorithm significantly stabilizes the measurements and the reproducibility of the results.
Instrumentation
The system used for the time-resolved measurements has been described in detail previously 17 and is shown in Fig. 1 . Briefly, a femto-second laser ͑MaiTai, Spectra-Physics, Mountain View, California͒ operating at 732 nm with a pulsewidth of approximately 100 fs was coupled to a scanning galvanometer. The laser light could be scanned in a noncontact manner across a sample placed in the imaging chamber as desired. The transmitted light was detected with a Cooke SensiCamQE charge-coupled device ͑CCD camera coupled with a gated image intensifier ͑LaVision Picostar HR12, LaVision GmbH, Goettingen, Germany͒. A high-rate imager ͑Kentech Instruments Limited, Oxfordshire, England͒ and a picosecond delay unit ͑Kentech͒ allowed the acquisition of images with gate widths of 200 ps with a temporal step size of 25 ps.
In this setup, the laser was coupled to the imaging system via free-beam delivery using a set of two galvanometercontrolled mirrors and focusing lens for noncontact free beam scanning. A programmable ND filter wheel was placed in the path of the laser so that the incident power could be dynamically adjusted based on the attenuation of the sample using a feedback loop.
Data Collection and Analysis
The gated ICCD camera acquired photon profiles using a 200 ps gate with a step of 25 ps, resulting typically in acquiring 40 to 60 time gates. In this way, complete time-resolved images were obtained at each laser source position. The camera exposure was set to acquire for 1.6ϫ 10 7 laser pulses ͑i.e., 200 ms͒ at each time gate. The images were then analyzed to yield multiple photon profiles as a function of time and radial position from the source. The impulse response function of the system ͑measured independently͒ was then deconvolved from the signal using a commercial software package ͑Mat-lab, The Mathworks Incorporated, Natick, Massachusetts͒ to yield the true time and spatially resolved curves for each dataset. Equation ͑3͒ was then fit to the data using a nonlinear fitting routine to yield s Ј and a .
Homogeneous Phantoms
Two sets of homogeneous liquid solutions were prepared from a stock solution of 10% intralipid ͑Baxter Healthcare Corporation, Deerfield, Illinois͒ and ink ͑Higgins Ink, Sanford Corporation, Bellwood, Illinois͒ added, modifying the scattering and absorbing properties of the solutions, respectively. The final concentrations used were: 1. 1% intralipid with 10, 25, 50, 75, and 100 parts per million ink, and 2. 50-ppm ink with 0.5, 0.75, 1.0, 1.5, and 2% intralipid. The chamber length was set to 1.3 cm. Time-resolved images were acquired at five laser positions across the imaging chamber, and s Ј and a were determined by fitting to diffusion theory over a 1-cm radius from each source position. All experiments were repeated in triplicate.
Heterogeneous Phantoms
To verify that our system was capable of resolving spatially varying optical properties, a heterogeneous phantom was constructed. Two resin blocks ͑5 ϫ 5 ϫ 1.3 cm͒ were made from a mixture of clear acrylic resin ͑Casting Resin, Environmental Technologies Incorporated, Fields Landing, California͒, titanium dioxide ͑TiO 2 ; Sigma-Aldrich, Milwaukee, Wisconsin͒ and ink ͑Sanford͒. The purpose of the titanium dioxide and ink pigment were to alter the scattering and absorption properties of the phantoms, respectively. The optical properties of the solid blocks were measured using the present technique and then cut into ϳ5-mm-thick slabs and reassembled as a multilayer phantom model.
The heterogeneous phantom was then placed into the imaging chamber and the chamber length was set to 1.3 cm as before. Liquid solution ͑1% intralipid and 50 ppm of ink added͒ was added to the chamber to fill any small ͑submilli-meter͒ gaps between the layers of the phantom and protect the intensified CCD. Hence, the intralipid contributed only a very small volume to the field of view and therefore had negligible effect on the optical property measurements. Full timeresolved scans were made at each of 104 points across the sample, arranged in eight rows of 13 source positions, separated by approximately 2 mm in the x direction and 3 mm in the y direction. The radius over which the diffusion theory was fit to the data was reduced from 1 cm to 3 mm for these experiments, since the larger radius of fitting completely obscured the phantom's heterogeneity.
In Vivo Mouse Studies
A total of five female nu/nu mice aged 4 to 6 weeks were used. Mice were placed under general anesthesia and then placed in the imaging chamber for either coronal or sagittal projections. The chamber was compressed to 1.3 cm and then filled with liquid matching solution containing 2% intralipid and 100 ppm of ink. The optical properties of the liquid used here were determined to represent the approximate average mouse optical properties. The mouse position and scanning pattern were adjusted so that the chest cavity was transilluminated in all cases. Since the compressed mouse occupied the entire 1.3-cm chamber length, the matching fluid was therefore only visible on the edges of the scanning area. As before, a total of 104 laser source positions were used for the in vivo experiments and diffusion theory was fit over a 3-mm radius from the center of each source position.
Two of the mice were euthanized by CO 2 asphyxiation after optical scanning. MRI scans were then performed ͑Bruker Pharmascan, 4.7T; Bruker BioSpin MRI Incorporated, Billerica, Massachusetts͒, so that the optical properties could be compared to anatomical features of the mice.
Results and Discussion
Homogeneous Phantoms
Homogeneous liquid phantoms with varying quantities of intralipid and ink were first analyzed with the system. Example intensity data as a function of radius and time for a solution with 1% intralipid and 50 parts per million ink are shown as solid points in Fig. 2͑a͒ . The best fit to Eq. ͑3͒ is also shown in Fig. 2͑a͒ as the mesh surface. Note that the data here are the mean intensity over concentric circles of given radii from the center of the source position. Hence, the radial data are averaged over all angular directions and are therefore relatively noise-free. Use of both variables ͑radius and time͒ assisted in stabilization of the nonlinear fitting routine and calculation of accurate and reproducible parameters. The concentration of ink was then varied while maintaining a con- 18 This verified that the time and spatially constrained approach combined with the selected time-resolved diffusion theory was capable of accurately measuring optical properties in homogeneous optical phantoms.
Heterogeneous Phantoms
To further confirm the accuracy of the method in optically heterogeneous media, two solid resin-based phantom blocks ͑5 ϫ 5 ϫ 1.3 cm͒ were made with different quantities of TiO 2 and ink added. The optical properties measured from the resin blocks were found to be s1 Ј =14 cm −1 , a1 = 0.4 cm −1 , and Fig. 3͑a͒. Figures 3͑b͒ and 3͑c͒ show white light images of the phantom in horizontal and vertical orientation, as well as the position of the laser scan points. Figures 3͑d͒ and 3͑e͒ show the values for s Ј obtained and Figs. 3͑f͒ and 3͑g͒ show the values of a obtained by fitting to the transmitted timeresolved curves measured in the experiment. The mean values of s1 Ј and a1 ͑i.e., the layers composed of the first phantom͒ obtained were 13.1 and 0.3 cm −1 , respectively, and for s2 Ј and a2 were 11.2 and 0.1 cm −1 , respectively. As might be expected, the optical properties from the different layers were somewhat "smeared" together ͑i.e., the measured optical properties from region 1 were lower than their true values, and those from region 2 were higher than their true values͒, since the 3-mm radius of fitting generally included more than one layer. Nevertheless, this experiment demonstrates the ability of this technique to measure average heterogeneous optical properties with good accuracy using a theory specified for homogeneous slabs.
In Vivo Mice Models
Time-resolved scans were then performed on a total of five nude mice. Figures 4͑a͒ and 4͑b͒ show examples of the fitted optical properties of mice in the coronal projection, overlaid on the white-light image obtained with the system. For visualization purposes, the measured optical properties have been overlaid on the positions of the laser scan points, and then interpolated to create an optical property map. Figures 4͑c͒  and 4͑d͒ show two coronal MRI slices obtained at different depths, showing the location of the heart, lung, and liver. Similarly, Figs. 4͑e͒-4͑h͒ show the optical properties and MRI slices obtained at different depths in sagittal projection.
By comparing the anatomical information from the MRI scans to the optical property maps, estimates of the range of optical properties of individual organs in vivo can be obtained. Table 1 summarizes these findings. As expected, the absorption coefficients of the heart and liver regions were high due to the large blood content of both organs. The reduced scattering coefficient of the lungs was also high as anticipated due to the multiple air-tissue interfaces in the alveoli. In general, the values obtained agree well with published values from the literature. For example, Beek et al. 11 reported a value for s Ј of 20 cm −1 in lung, which is in reasonable agreement with our estimated range of 25 to 35 cm −1 . It should be reiterated that the values reported here are in vivo measurements as opposed to optical property measurements on excised tissue. Therefore, the lungs were inflated with air during the measurements, which likely increased optical scattering due to the presence of many small air-tissue interfaces. In addition, the measured values were consistent through all five of the mice investigated.
Finally, images of the photon transmission through the mice at different times were generated by combining small regions of interest ͑2 ϫ 3 mm rectangular͒ centered around the source position for each full-time curve and replotting them on single, composite images at each time gate. Figure  5͑a͒ shows an example full-time curve of the mean intensity transmitted through a mouse in vivo as a function of time. 
Discussion
While several optical properties for small animals have been published in the literature, 12 most reported observations are obtained ex vivo using excised tissues. However, optical properties may significantly change between in vivo and ex vivo observations due to structural changes and abrupt perturbation of physiological conditions, blood and water concentration, and overall hemodynamics.
Similar to the studies and the rationale behind work characterizing human tissues, [6] [7] [8] [9] [10] we characterized the spatially dependent optical heterogeneity of mice as related to whole body imaging of the torso of small animals. We opted for characterizing average optical properties through mouse chest cavities using a time-and spatially dependent photon profiles yielding accurate and reproducible calculations. While the finite-slab time-resolved diffusion theory used in this analysis is specified for homogenous media, 4 we further confirmed that this method can be applied in characterizing heterogeneous media with good accuracy. The experiments with heterogeneous phantoms successfully demonstrated that multiple layers could be resolved, and that diffusion theory yields average optical properties through the slab. While tomographic methods can be utilized to characterize the 3-D distribution of optical properties with improved resolution, such solutions are generally less accurate than the methodology selected here, due to the increased ill-posed nature of inverse diffuse optical tomography problems.
Therefore, this study favored accuracy and solution stability by calculating average optical properties through the mouse torso and by including relatively large radial distances ͑3 mm͒ into the spatially dependent fitting routine in exchange for resolution and the ability to separate layered structures. Reduction of the radius of fitting to 1 mm in an attempt to increase the resolution of the system resulted in destabilization of the fitting algorithm and significantly worse performance in terms of reproducibility and overall accuracy. Hence, the 3-mm fitting radius used in the heterogeneous phantom and in vivo experiments was empirically found to be the best compromise between ensuring optimal stability and maximum 2-D resolution.
This technique enabled quantification of the spatial variation of optical properties in whole mice in vivo. The values reported were averaged over the entire volume sampled by the transillumination measurements employed, and contain contributions of several tissue types. However, as confirmed by the calculated and measured images of Figs. 4 and 5, respectively, and the corresponding MRI images, there is generally good agreement between the spatial distribution seen and major underlying organs such as the heart, liver, and lungs that occupy a significant part of the volume sampled in the corresponding measurements. Of note is the reduced scattering coefficient calculated for the areas corresponding to the lung and heart, which appear relatively high compared to the other structures and previously published values for human or animal tissues. This value is, however, supported by the observed profiles of the transmitted photons through the mouse at early time gates ͓Figs. 5͑b͒ and 5͑d͔͒. As predicted by timeresolved diffusion theory 4 and as noted in earlier work, [19] [20] [21] the contrast observed in photon attenuation at early time gates correlates well with s Ј. ͑As might be expected, the contrast in the time gate at 600 ps where the photons were more diffuse appears to correspond to both s Ј and a .͒ It should also be noted that this value for s Ј is the weighted average of the optical properties through the mouse, and therefore other nearby anatomical features in this region, such as the aortic/ superior vena cava and pulmonary and coronary arteries or the highly curved area of the spinal cord, will influence the measured optical properties. Overall, two-to three-fold spatial variation in optical coefficients was observed across small animal ͑murine͒ torsos. Practically, this means that light transmitted through 1 to 2 cm of the murine torso tissue will experience more than 2 orders of magnitude of variability in attenuation. Such heterogeneity, if not sufficiently accounted for, may lead to significant quantification errors and artifacts in fluorescence and bioluminescence imaging and tomography applications. We have recently reported experimental results that demonstrate how such high heterogeneity can be effectively accounted for in inverse diffuse optical tomography problems using the normalized Born approximation. 22 Several other methods using a two-step solution of the coupled diffusion equations for light propagation in the excitation and emission wavelengths have been also proposed to tackle optical property variation in diffuse media. 23, 24 Overall, the absolute optical properties through the mouse upper torso were calculated and the corresponding 2-D images of the spatial variation observed were obtained. These images correlated spatially with anatomical features of the mice, and the findings were further corroborated by images of photon transmission at individual time gates obtained through identical geometries.
